Aim We aimed to determine colorectal length with the 3D-Transit system by describing a 'centreline' of capsule movement and comparing it with known anatomy, as determined by magnetic resonance imaging (MRI). Further, we aimed to test the day-to-day variation of colorectal length assessed with the system.
Introduction
Assessment of colorectal function is important for the management of patients with primary and secondary motility disorders. In clinical practice, colorectal motility is usually described in terms of total (and segmental) transit times determined by radio-opaque markers [1] . Scintigraphy [2] and the wireless motility capsule [3] [4] [5] are alternative methods for assessing colonic transit, and provide additional information on gastric emptying and small intestinal transit time. Although the wireless motility capsule does measure both regional gastrointestinal (GI) transit times (through assessment of pH change) and gut contractility (through measurement of intraluminal pressure change), the latter function is greatly limited in the colon due to the lack of accurate localization [6] . By contrast, colorectal manometry provides detailed information on underlying contraction patterns that may subserve intraluminal transit [7] [8] [9] . Unfortunately, pan-colonic manometry is limited by the requirement for placement of catheters into the prepared bowel during colonoscopy. Moreover, catheters are expensive, and examination is restricted to the laboratory.
The 3D-Transit system (Motilis Medica SA, Lausanne, Switzerland) determines the exact position and orientation of up to three electromagnetic capsules during their passage through the GI tract [10] . The body-borne detector plate thus allows for total ambulatory assessment of total and regional GI transit times [10] . The system has been evaluated in healthy subjects [10, 11] , in patients with ulcerative colitis [12] , in carcinoid diarrhoea [13] and during opioid treatment [14] . As the 3D position of the ingested capsules is recorded, the 3D-Transit system holds promise for detailed and minimally invasive description of principal aspects of colorectal motility (i.e. transit and contractile movements) under circumstances very close to the subject's daily life [15] . Based on 'gold-standard' pancolonic manometry, colorectal contractions are usually characterized as either antegrade or retrograde and by the distance they cover [7, 8] . Hiroz et al. [15] derived such colonic motility information using a previous and stationary version of the magnet tracking system. However, the newer ambulatory system may introduce noise from external sources and assessment of motility may be difficult due to postural changes. Thus, the previously applied methods of analysis and algorithms need refinement. Colorectal length and outline are mandatory in order to calculate any advanced motility measures. If it is possible to determine colorectal length from 3D-Transit recordings this allows for quantification of the speed, length and frequency of antegrade and retrograde movements. As well as using the system to assess GI motility, complementary information on colorectal length may be useful in evaluation of patients with constipation. For example it has previously been demonstrated that an elongated colon can be a causative factor in chronic constipation [16, 17] .
We hypothesized that colorectal length could be determined from 3D-Transit recordings. Thus, the aims of the present study were: (i) to test the validity of colorectal length measured with the 3D-Transit system compared with MRI-derived measurements, and (ii) to evaluate the reliability of day-to-day measurements of colorectal length. All subjects were without a history of GI disorders or other diseases that may affect GI motility. None of the subjects were taking medications that affect GI function. The studies were conducted in accordance with ICH-GCP and the Declaration of Helsinki, and all subjects provided written informed consent. Both substudies were approved by the local ethical committee (reference numbers N-20130030 and M-20100267) and the Danish Health and Medicines Authority (reference numbers 2013070299 and 2011123594). Total and regional transit times from the two groups have formed part of previous publications [10, 14] .
Materials and methods

Subjects
3D-Transit protocol
After an overnight fast, subjects arrived at the research department in the morning. After ingestion of a standardized meal (375 kcal, 11.4 g fat, 1.8 g fibre), an electromagnetic capsule (dimensions 21 9 8 mm, density 1.6 g/cm³) was swallowed with a glass of water. Subjects donned an abdominal belt housing the detector plate, and recordings started. Subjects were then allowed to leave the research department and perform most of their normal daily activities except for hard physical work and sports. Diet was not standardized, but meals were consumed at predefined times. Each morning, subjects returned to the research department where it was determined whether the capsule had left the body. The experiment continued until exit of the capsule was confirmed. Further information about the 3D-Transit system and experimental protocol has been published previously [10] .
Total and segmental colorectal lengths assessed with 3D-Transit Colorectal lengths were estimated using the 3D-Transit position data from the electromagnetic pill recordings. Ileocaecal passage of the capsule was located using the same method as described in previous publications [10] [11] [12] [13] [14] . Data recorded from ileocaecal passage to expulsion were regarded as recordings from the colorectum. Ileocaecal passage and assessment of data quality were determined using dedicated software (Motilis Medica SA). All further computations and data analysis were performed offline in MATLAB (version R2015b; MathWorks Inc., Natick, Massachusetts, USA). Data were cleaned using a semi-automated method, which was developed to distinguish GI movements from artefacts caused by external factors, for example walking movements, movement of the detector plate, electromagnetic interference, etc. All fast movements of the capsule were automatically identified and GI movement was distinguished from external noise by manually classifying each movement based on readings from all the sensors in the system, including position, acceleration of the detector (e.g. due to walking, fast movements of the body), breathing, velocity, signal strength, etc.
Following this, an automated algorithm was applied to localize capsule position during progression from its ileocaecal passage to expulsion. The algorithm was designed to downsample the raw 5-or 10-Hz data signal to one averaged data point for each 5 mm of (3D) antegrade progression of the pill toward the anus. Resulting data points were then manually inspected, and if any point was placed in a more oral direction than the preceding one (meaning retrograde GI movement) it was removed because these points would affect the estimation of colon length. A centreline through the colorectum was then calculated for each data set by applying a smoothing function on the downsampled data points (Fig. 1) . The smoothing of the centreline was mainly for the purposes of visualization and did not make a significant change in the resulting length.
Subsequently, three landmarks were placed on the centreline to divide the colon into four segments: ascending colon, transverse colon, descending colon and rectosigmoid. The landmarks representing the hepatic and splenic flexures were defined as the highest point on the centreline closest to the flexures. The landmark dividing the descending colon from the sigmoid colon was defined as the most distal point in the descending colon just before the anatomical direction of the lumen changed by more than 45°. The total and segmental colorectal lengths were calculated as the Euclidean distance measured on the centreline between the start of a segment and its end.
Magnetic resonance imaging protocol
Magnetic resonance imaging (MRI) was performed with an eight-channel 1.5-T scanner (Signa HDxt, General Electric Medical Systems, Milwaukee, Wisconsin, USA). One coronal image series of the abdomen was obtained using a T2-weighted single-shot fast spin-echo scan (TE = 93 ms, TR = 715 ms, slice thickness 4 mm). The scan was performed during a breath-hold of approximately 20 s. The images had a field of view of 48 9 48 cm and a pixel resolution of 0.94 9 0.94 mm, and the series consisted of 35-40 slices per scan.
Total and segmental colorectal lengths assessed with MRI
Colorectal volumes were estimated using a previously described semiautomatic segmentation method [18] . The segmented colon volumes were represented by a binary mask of size 512 9 512 9 40, where 'ones' were colon tissue/faecal content, and 'zeros' were noncolon. The binary masks could have missing connections between segments in the colon representation due to there being no faecal content in the anatomical section or low MRI imaging quality. All computations were performed offline in MATLAB. A prerequisite for the computation of colon length was that every volume needed to be connected from the proximal start of the ascending colon to the distal end of rectum, and that the segmented volumes did not overlap outside the hepatic and splenic flexures. Thereby, a 3D model of the colorectum was produced (Fig. 2) . Afterwards, inspection and manual correction were performed to ensure the continuity of the segmentations. The lengths of the entire colorectum and the individual segments were estimated by applying a 3D topological skeleton algorithm used in shape analysis (Fig. 2b) . The algorithm finds the medial path (skeleton) of the MRI colon volume, and the colorectal centreline was defined as the connected medial path between the caecum and the lower rectum. For the purposes of visualization, the line was corrected for low spatial resolution with a smoothing function. Total and segmental colorectal lengths were assessed using the same method as for the 3D-Transit.
Statistical analysis
All results are reported as means AE SD unless otherwise stated. Data were analysed for normality with histograms and then tested with the Anderson-Darling test for normal distribution. As the study was exploratory, no sample sizes were calculated. Differences between means of total and segmental colorectal lengths were tested with a paired two-sided t-test. Pvalues <0.05 were considered statistically significant.
Bland-Altman analysis was used for comparison of total and segmental colorectal lengths, as determined by MRI and 3D-Transit, respectively. Bland-Altman analysis was likewise used for comparison of lengths measured by 3D-Transit performed on two consecutive days. Variation between methods and between days was further described with the coefficient of variation (CV), where good reliability was regarded as CV < 10%. Statistical analyses were performed using Stata (Version 14.0, StataCorp LP, College Station, Texas, USA).
Results
All experiments were completed without any reported discomfort or side-effects.
Validity of total and segmental colorectal lengths assessed with 3D-Transit
Three subjects were excluded from analysis due to failed recordings from 3D-Transit during colorectal passage. Accordingly, a centreline describing capsule passage through the entire colorectum could be constructed in 22 subjects. A corresponding centreline construction using MRI volumes was performed in all of these 22 subjects.
Total and segmental colorectal lengths assessed with MRI and 3D-Transit are shown in Table 1 . Mean total colorectal length as determined by MRI was 95.4 AE 14.6 cm, which was equivalent to total colorectal length measured by 3D-Transit (99.1 AE 17.9 cm; P = 0.15). No difference was found for segmental colorectal lengths, apart from the length of the caecum/ascending colon, which was significantly longer as measured by 3D-Transit (22.0 AE 7.5 vs 16.2 AE 3.5 cm, respectively; P < 0.002). As illustrated by Bland-Altman plots, there were no systematic differences in total colorectal length assessed with the two methods (Fig. 3) ; however, differences in measurements of individual colon segments were larger (Fig. 4) . The CV of total colorectal length assessed with MRI and 3D-Transit was 7.8%, indicating a good validity.
Day-to-day variation of total and segmental colorectal lengths assessed with 3D-Transit
Data from four experiments were excluded because of failed recordings during colorectal passage (n = 2) or because of poor data quality caused by electromagnetic interference from external factors (n = 2). Thus, a centreline describing capsule passage through the colorectum could be constructed from 38 experiments; paired data were available for 17 subjects.
Mean total and segmental colorectal lengths assessed with 3D-Transit on two consecutive days are shown in Table 1 . No differences were found between days for measurement of either total colorectal or segmental colorectal lengths. As illustrated in the Bland-Altman plot, there was no systematic difference in total colorectal length for the 2 days (Fig. 5) . The CV of total colorectal length assessed with 3D-Transit on two consecutive days was 7.3%, indicating good reliability.
Discussion
This methodological study demonstrates that total and segmental colorectal lengths can be estimated with electromagnetic capsules using the 3D-Transit system. Total colorectal lengths estimated with 3D-Transit and MRI were comparable, although there was a difference in ascending colon length. Furthermore, there were no differences in total and segmental colorectal lengths between days.
Construction of a centreline within the colorectum and determination of its length
To validate the centreline estimation from the 3D-Transit recording, we chose to validate it against MRI of the colorectum, as MRI allows for valid and detailed information about anatomy [19] . It was possible to construct a centreline of the passage of the 3D-Transit capsule through the colorectum in 90% of recordings. There was no systematic variation between the two methods, apart from a small but statistically significant difference in the length of the caecum/ascending colon. This may be caused by the capsule being retained in the caecum for an extended period, in some cases more than 20 h, allowing small artefacts to add up and increase the estimated length of this segment.
Likewise, there was no systematic day-to-day variation. The fluctuations between recordings probably reflect physiological variation due to contractions and relaxations, which affects the length of colon [20] . Variation in length of the separate colorectal segments was larger. This may similarly be caused by physiological variation, but also uncertainties in consistent definitions of colonic flexures and the junction between the descending colon and the sigmoid.
The estimations of colon length by 3D-Transit in the current study are close to optical colonoscopy lengths in a study by Duncan et al. [21] . They compared colon lengths obtained with optical colonoscopy (overall average of 108 cm) and CT colonography (overall average of 189 cm) in 338 patients [21] . During CT colonography the colon is filled with air, which will enlarge and stretch the colon, resulting in elongation [21] . In contrast, colonoscopy is performed by inserting a flexible colonoscope through the colon using several manoeuvres that include reducing colonic loops, which invariably will reduce the measured colon length [21, 22] . Two of our recordings were more than 20 cm longer than the MRI colon length and one recording was 20 cm shorter. This may be regarded as a large difference from a clinical perspective, and could potentially influence evaluation of GI motility.
The average in vivo length of the colon was found by Ahrens et al. [23] to be 109 (91-125) cm by measurements performed with a swallowed polyvinyl tube. Hounnou et al. [24] investigated the post-mortem length of the colon in 200 cadavers and found it to be 160 (80-313) cm. The longer post-mortem colon measurements found by Hounnou et al. could be explained by the lengthening of the intestines after death [23, 24] . The colon is a dynamic organ and can change its length according to, for example, mechanical factors and food [20, 23] . Thus, the length of the colon depends not only on the condition (in vivo or post-mortem) but also method of measurement and physiological and mechanical factors.
Clinical implications
Colonic transit time is often prolonged in patients with chronic constipation, and it has been suggested that an All values are mean AE SD, and are given in centimetres. *P < 0.01 MRI vs 3D-Transit measurement.
elongated colon is an important causative factor in both adults [16] and children [17] . Animal studies have shown that longitudinal stretch inhibits mechanosensitive interneurons [25] and prolongs transit through the colon [26] . Thus, assessment of colorectal length may have clinical implications and 3D-Transit holds promise as a safe, valid and minimally invasive method for this purpose. It should be stressed that the capsule battery lasts for a maximum of 5 days, and measurements may be incomplete for patients with very long transit times.
Limitations
The principal limitation of this study is that, for safety reasons, MRI and 3D-Transit were not performed simultaneously. A further limitation was that 3D-Transit data from 7 of 67 experiments (10%) had to be excluded because of signal loss or poor quality of the recordings. The recordings needed to be of a certain quality to apply the current analysis methods. From a previous study, we know that data loss from 3D-Transit is highest in the sigmoid colon, which is distant from the abdominal wall [10] . The anatomical position of the sigmoid colon, combined with its anatomical shape, also causes this region to be the most difficult to model with the proposed methods. The system is limited to emitting a clear signal between the capsule and detector plate when they are within 40 cm of each other [10] . Hence data loss must be expected to be higher in obese subjects, but it can be reduced by wearing the detector plate low on the abdomen at all times. Hereby, the distance between the distal colon and detector plate will be minimized. However, the accuracy of the system needs to be validated in obese subjects. Further studies are needed to clarify if the definition of a centreline and determination of its length are possible in patients with either fast or very slow transit. However, from a previous study among subjects with very fast colorectal transit caused by diarrhoea as part of the carcinoid syndrome, it appears that complete data are well obtained and landmarks for dividing the colorectum into segments are easily located [13] . Studies using the method in recordings of patients with diarrhoea and of subjects with opioid-induced constipation are currently in preparation, and preliminary data analysis shows no methodological issues in longer recordings, besides increased analysis time.
Conclusions and future perspectives
In conclusion, we developed a method for the construction of a centreline describing the passage of an electromagnetic capsule through the colorectum and subsequently determined its length. 3D-Transit estimated colorectal length with an acceptable variation compared with MRI-derived colorectal length, and furthermore was reliable between recordings performed on two consecutive days. The method will potentially allow ambulatory description of colorectal motility with detailed analysis of movement of the capsule along this line and may set the scene for a new era in assessment of colorectal motility.
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